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Rainfall-Runoff modeling is essential to provide basic information on 
those activities related to rivers flow, such as irrigation development, 
flood control, hydropower generation, hydraulic structures and drinking 
water supply. Many different types of rainfall-runoff models have been 
reported in literature review with their mathematical development to 
understand the physical concepts of water behavior on the ground during 
hydrological cycle. This study presents the application of the recently 
developed software, which is known as Galway Flow Forecasting 
System (GFFS). Several models contained in this software but only 
seven models namely Parametric and Non-parametric Simple Linear 
Model, Parametric and Non-parametric Linear Perturbation Model, Non-
parametric Linearly Varying Gain Factor Model, Artificial Neural 
Network Model (system type models) and Soil Moisture Accounting and 
Routing (SMAR) model (conceptual models) are applied on the Blue 
Nile catchment at Eldeim (254230 sq. km) during seven years (1990-
1996) of real data of daily rainfall, evaporation and regulated river flow.  
 The results indicate that the Linear Perturbation Model (Parametric and 
Non-parametric) gave superior performance than others models during 
the applications. That indicates to the seasonality in the behavior of the 
Blue Nile catchment. Also the results suggest that the Linear 




إن ﻋﻤﻠﻴﺔ ﻧﻤﺬﺟﺔ ﺗﺤﻮل ﻣﻴﺎﻩ اﻷﻣﻄﺎر إﻟﻰ ﺟﺮﻳﺎن ﺗﻌﺪ ﻣﻦ اﻟﻤﺘﻄﻠﺒﺎت اﻟﻀﺮورﻳﺔ ﻟﻌﺪد 
آﺒﻴﺮ ﻣﻦ اﻷﻧﺸﻄﺔ ذات اﻟﺼﻠﺔ ﺑﺠﺮﻳﺎن اﻷﻧﻬﺎر اﻟﻄﺒﻴﻌﻴﺔ و اﻟﻘﻨﻮات اﻻﺻﻄﻨﺎﻋﻴﺔ ﻣﺜﻞ 
ﺗﻄﻮﻳﺮ اﻟﺮي، واﻟﺘﺤﻜﻢ ﻓﻲ اﻟﻔﻴﻀﺎن، وﺗﻮﻟﻴﺪ اﻟﻄﺎﻗﺔ اﻟﻜﻬﺮﺑﺎﺋﻴﺔ، واﻟﻤﻨﺸﺂت 
  .ﺮباﻟﻬﻴﺪروﻟﻴﻜﻴﺔ، واﻹﻣﺪاد ﺑﻤﻴﺎﻩ اﻟﺸ
هﻨﺎﻟﻚ ﻋﺪة أﻧﻮاع ﻟﻨﻤﺎذج ﻋﻤﻠﻴﺔ ﺗﺤﻮل ﻣﻴﺎﻩ اﻟﻤﻄﺮ إﻟﻰ ﺟﺮﻳﺎن ﻣﺴﺘﺨﺪﻣﺔ ﻓﻲ ﺻﻴﻎ ﻋﻠﻢ 
اﻟﻤﻴﺎﻩ ﺗﻤﺖ ﺻﻴﺎﻏﺘﻬﺎ رﻳﺎﺿﻴﺎ ﻟﻔﻬﻢ اﻟﻌﻤﻠﻴﺎت اﻟﻔﻴﺰﻳﺎﺋﻴﺔ ﻟﻮﺟﻮد اﻟﻤﺎء ﻓﻲ اﻟﻄﺒﻴﻌﺔ ﻓﻲ 
  .أﺷﻜﺎﻟﻪ اﻟﻤﺨﺘﻠﻔﺔ أو ﻣﺎ ﻳﻌﺮف ﺑﺎﻟﺪورة اﻟﻬﺎﻳﺪروﻟﻮﺟﻴﺔ
  ﻣﺴﺘﺨﺪﻣﺎاﻟﺠﺮﻳﺎن اﻟﺴﻄﺤﻲ-ﺗﻘﺪم هﺬﻩ اﻟﺪراﺳﺔ ﺗﻄﺒﻴﻘﺎ ﻟﻌﻼﻗﺔ اﻟﻤﻄﺮ
      sledoM lautpecnoC & metsyS depmuL         
 وذﻟﻚ ﺑﺘﻄﺒﻴﻖ اﻟﻨﻤﺎذج اﻵﺗﻴﺔ
 ,ledoM raeniL elpmiS cirtemarap-noN dna cirtemaraP
 ,ledoM noitabrutreP raeniL cirtemarap-noN dna cirtemaraP
 krowteN larueN laicifitrA ,ledoM rotcaF niaG gniyraV ylraeniL
 dna gnitnuoccA erutsioM lioS dna )sledom epyt metsys( ledoM
 .)sledom lautpecnoc( ledom )RAMS( gnituoR
 
ﺗﻢ ﺗﻄﺒﻴﻖ اﻟﻨﻤﺎذج أﻋﻼﻩ ﻋﻠﻰ اﻟﺤﻮض اﻟﻤﺎﺋﻲ ﻟﻠﻨﻴﻞ اﻷزرق أﻋﻠﻰ اﻟﺪﻳﻢ ﺑﻤﺴﺎﺣﺔ ﻣﺘﻮﺳﻄﺔ 
 آﻴﻠﻮﻣﺘﺮا ﻣﺮﺑﻌﺎ، ﺑﺎﺳﺘﺨﺪام ﺳﺠﻼت اﻟﻤﻄﺮ واﻟﺘﺒﺨﺮ واﻟﺘﺼﺮف اﻟﻴﻮﻣﻴﺔ ﻟﺴﺒﻌﺔ 032452
  (.0991-6991)امأﻋﻮ
 
  أﺷﺎرت اﻟﻨﺘﺎﺋﺞ إﻟﻰ أن       ledoM noitabrutreP raeniL ehT
 ﺑﻘﻴﺔ اﻟﻨﻤﺎذج ﻣﻤﺎ ﻳﻤﻜﻦ ﻣﻦ اﺳﺘﺨﺪاﻣﻪ آﻨﻤﻮذج اﻓﻀﻞ ﻓﻲ اﻟﺘﻨﺒﺆ ﻦأﻋﻄﻰ آﻔﺎءة أﻋﻠﻰ ﻣﺘﻤﻴﺰا ﻋ
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Hydrology is defined as the science that deals with the processes 
governing the depletion and replenishment of the water resources of the 
land areas of the earth. That deals with precipitation, evaporation, 
infiltration and runoff (Chin 2000) “ figure (1.1) shows the phases of 
hydrological cycle”.  
 
Hydrology has an important influence in agriculture, catchment 
management, water law and economics. Also it has practical applications 
in the design of the hydraulic structures, water supply, water quality, 
irrigation, drainage, hydropower, flood forecasting, reservoir operation, 
navigation and sediment control.  
 
Since the development of high-speed computers made it possible to solve 
complicated mathematical equations involved in hydrologic theories, 
hydrological modeling has become an important tool in water resources 
development. 
 
Natural catchment systems are so complex that exact laws cannot be 
found to describe precisely the process of converting rainfall to runoff, or 
to explain the hydrological processes at basin scale (Barsi2000).  Hence, 
hydrological modeling is the best means available for simulating the 
behavior of the natural catchment. The ultimate objective of hydrological 
modeling is to provide for more efficient and economic use of water 
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resources systems. The value of the hydrological model lies in its ability, 
when correctly chosen and adjusted to extract the maximum amount of 
information from the available data. 
 
Hydrological models can be classified as deterministic or stochastic. For 
a deterministic model, the output is uniquely determined by the input. On 
the other hand, a stochastic model produces an output that contains time-
dependent random variables. 
 
Hydrological models can also be described as conceptual or empirical 
according to whether their parameters are, or are not, capable of physical 
interpretation. Conceptual models are developed by purely rational 
consideration involving the interplay of inductive and deductive 
reasoning. The parameters of a conceptual model are either physically 
measurable or can be interpreted in physical terms (Barsi 2000).    
    
Ideally, the best model would be a deterministic description of the 
rainfall-runoff process, based on well-known physical laws. 
 
Although in principle, estimating the runoff given the meteorological 
inputs should be based on the application of such laws in practice the 
complexity of the natural catchment precludes such a rigorous approach. 
This necessitates the simplification of the modeling approach.   
 
 However, the model should be both sufficiently efficient to produce 
useful results and sufficiently simple to be manageable. As a result, most 
of the developed models are by no means free of empiricism but still can 
 15
incorporate information about the system that highly sophisticated 


























1.2 Description of the study area  
 
The Blue Nile is one of the main rivers flowing down from Ethiopia 
towards Sudan to confluence the White Nile at Khartoum and combine 
together to form the River Nile, one of the longest rivers in the world. 
The Blue Nile and its tributaries all originate from the Ethiopian Plateau 
at an elevation of 2000 to 3000 meters a.m.s.l. The Little Abia, which 
enters Lake Tana is generally considered as the source of the Blue Nile. 
The river has cut a deep gorge through the Ethiopia Plateau, which is in 
some places 1200 meters below the country level on either side. The 
Blue Nile emerges from the Plateau close to the western border of 
Ethiopia, where it turns northwest and enters the Sudan at an altitude of 
490 meters a.m.s.l. Just before crossing the frontier, the river enters the 
clay plain, through which it flows over a distance of about 735 
kilometers to Khartoum. The average slope of the river between lake 
Tana and the Ethiopian frontier is about 1.6 m/km. From the frontier to 
Khartoum the slope is much less, i.e. about 15 cm/km. Downstream of 
the frontier two important tributaries join the Blue Nile in the reach 
between Sennar and Wad Medani, namely the Dender and Rahad rivers. 
Both rivers originate from the Ethiopian Plateau, about 30 kilometers 
west of Lake Tana. They are seasonal streams, which are reduced to 
pools in the dry season (Nile Water Department, 1996).   
 
The Blue Nile Basin, including the Dindier and Rahad Basins, has a 
catchment area of 324530 square kilometers. The greater part of the 
catchment is located in Ethiopia. In this study, a catchment effective area 
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of 254230 squared kilometers upstream Eldeim is considered. Figure 
(1.2) shows the location map of the Blue Nile and its tributaries.  
       
It begins to rain early on Ethiopia highlands (in April), but the maximum 
discharges reach Khartoum in the mid of August with mean annual flood 
peak exceeding 6000 m3/s, while the minimum discharge can be as low 
as 100 m3/s. During the flood period the Blue Nile holds back the White 
Nile water turning it into an extensive lake and delays its flow.  
 
Measured discharges are available since 1925 and there were high floods 
in 1946, 1988 and 1994. This study investigates the rainfall-runoff 
applicability in the Blue Nile catchment. Since the river is regulated 
downstream of Roseires dam, only the catchment area up to Eldeim is 
used in the study. Figure (1.3) shows the catchment boundary, the river 


























































Fig.(1.3) Elddeim catchment boundary, the river networks and location of 











1.3 Statement of the problem 
 
Flow forecasting schemes are important in many planning studies, where 
stream flow forecasts for a particular location are required in order to 
issue warning when water levels rise. Also at the design stage of many 
hydrological works, the best forecasting decreases the failure 
probabilities of these works. In fact, Eldeim station provides inflows to 
Roseris dam, and hence a good knowledge about discharges at Eldeim 
gives a good operation for reservoir.     
          
1.4 0bjective 
 
The main objective of this study is to apply the system type models to 
forecast flow in Blue Nile at Eldeim and select the best model 
performing in reproducing the observed discharge as a forecasting model 
for Blue Nile River at Eldeim.  
  
 To achieve this objective the following sub objectives are necessary: 
i) Estimation of catchment mean areal rainfall. 
ii) Estimation of catchment areal evaporation. 
iii) Application of the System type models and noting their 
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1.5 Layout of the report  
 
The thesis contains six chapters. The first chapter gives an introduction 
to the hydrological models and their classifications and also gives an 
overview of the problem, the objectives, descriptions of the study area 
and layout of the thesis. 
 
In the second chapter the previous development in the rainfall- runoff 
modeling are presented and reviewed, besides a short summary about 
models applied during the study. 
 
Chapter three is dedicated for the data processing, analysis and 
preparation in a format suitable for use in the model. 
 
Chapter four goes for the applications, results and discussion.  
 
In chapter five models application in form of multiple input-single output 
is presented and discussed. 
 
Chapter six is reserved for summary, conclusion and recommendations.  
 









2.1 general      
 
Many rainfall-runoff relationships are available in literature ranging from 
old simple ones to new-sophisticated ones. The earlier trials are reviewed 
as the following (Barsi 2000). 
 
2.1.1 Hydrologic Budget    
         
This is the first physical process in the hydrologic cycle describes the 
volumetric relationship between the different physical processes at a 
particular period of time. The longer the period of time the more accurate 
the method. Usually it is applied for annual values. The hydrological 
budget is generally written as: 
                    P – I – Q + S – ET = 0. ………………………….... (2.1) 
    Where:       P = total precipitation  
                       I = infiltration  
                       Q = stream discharge 
                        S = change in surface and subsurface storage 
                        ET = evapotranspiration   
 
2.1.2 The Rational method  
 
The Rational Method represents the rainfall-runoff relationship in its 
simplest form: 
                     Q = C i A/3.6.    …………………………………. (2.2)         
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Where:  
        Q = peak discharge (m3/s) 
         i = average rainfall intensity in the time of concentration  (mm/hr) 
         A = catchment area (km2) 
          C = runoff coefficient. 
 
Despite its simplicity, the Rational Method is used extensively for 
designing urban drainage systems and for estimating the runoff for 
relatively long period of time. The time of concentration used by this 
method is defined as the time of travel from the furthest point on the 
catchment boundary to the catchment outfall ‘in this thesis known as 
memory length’. 
 
2.1.3 The Design Hydrograph Method   
    
This method is recommended in hydrology for estimating maximum 
design discharges. The method involves drawing the isochrones, i.e. lines 
of equal travel time, on a map of the catchment area using a time 
increment; 0t , such that the time of concentration ct  = m to , with m an 
integer. The areas between adjacent isochrones aj , (j =1,2…m) are then 
measured. Assuming that the rainfall profile consists of a series of 
average intensities 21,ii … within successive time increment of t o , the 
ordinates of the discharge hydrograph may be written as:  
          CQ =1 1i 1A  
           CQ =2 2i 1A  + C  1i  2A  
          CQ =3 3i 1A  + C  2i  2A  + C  1i 3A     ……………..(2-3) 
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 Where C is the average runoff coefficient of the catchment. This 
method, of course, is more flexible than the Rational Method and could 
be used for catchments with relatively large areas. 
 
 2.1.4 Pulse response method (Unit hydrograph method)  
 
The unit hydrograph is the unit pulse response function of a linear 
hydrologic system. First proposed by Sherman (1932), the unit 
hydrograph of a watershed is defined as a discrete runoff hydrograph 
(DRH) resulting from 1.0 cm of excess rainfall generated uniformly over 
the drainage area at a constant rate of an effective duration. Sherman 
originally used the word “unit” to denote a unit of time, but since that 
time it has often been interpreted as a unit depth of excess rainfall. 
Sherman classified runoff into surface runoff and groundwater runoff 
and defined the unit hydrograph for use only with surface runoff.  
 
The unit hydrograph is a simple linear model that can be used to derive 
the hydrograph resulting from any amount of excess rainfall. The 
following basic assumptions are considered in the development of the 
model.  
 1. The excess rainfall has a constant intensity within the effective 
duration. 
2. The excess rainfall is uniformly distributed throughout the whole 
drainage area.  
3. The base time of the DRH (the duration of direct runoff) resulting 
from an excess rainfall of given duration is constant. 
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4. The ordinates of all DRHs of a common base time are directly 
proportional to the total amount of direct runoff represented by each 
hydrograph. 
5. For a given watershed, the hydrograph resulting from a given excess 
rainfall reflects the unchanging characteristics of the watershed. 
 
Under natural conditions, the above assumptions cannot be perfectly 
satisfied. However, when the hydrologic data to be used are carefully 
selected so that they come close to meeting the above assumptions, the 
results obtained by the unit hydrograph model are generally acceptable 
for practical purposes. Although the model was originally devised for 
large watersheds, it has been found applicable to small watersheds from 
less than 0.5 hectares to 25 km^2. Some cases do not support the use of 
the model because one or more of the assumptions are not well satisfied 








1      ........………………………....................(2.4) 
where :Q is the direct runoff, P is an excess rainfall and U is the unit 
hydrograph, n is the number of time intervals for direct runoff and m is 
the number of time intervals for excess precipitation.  
 
2.2 Algebraic development of linear modeling techniques (Kachroo 
1992) 
 
In the following section, the role of linear input – output models in 
hydrological forecasting is discussed. The algebraic analysis of linear 
systems analysis with single or multiple input and single output is 
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presented in outline. An alternative means of imposing shape constraints, 
in parametric modeling, is also discussed. A procedure for ‘updating is 
presented for models used in real-time forecasting.  
 
2.3 The Simple Linear model 
 
To generate a linear model assume that a general linear relationship with 
a memory length (m) exists between the input series (x) and the output 
series (y), this can be expressed as:  
        imimiii uxhxhxhY ++++= +−− 1121 ...   …………………………..(2.5) 
i.e.   iji
m
j




        i = 1,2,…,n          …………………….(2.6) 
Where: iu is disturbance term.  
The coefficients h and the disturbance u are unknown, and the problem is 
to obtain estimates of these unknowns.  
 











































































































































Where m is the memory length and n the record length. 
Or as:  
 y = X h + u …………………………………(2.7) 
Where, 
 y is an (n х 1) column vector of the output series. 
 X is an (n x m) matrix of the input series.  
 h is an (m x 1) column vector of the discrete response pulse. 
 u is an (n x1) column vector of the disturbance terms. 
 
2.4 Least –squares estimation 
 
The least squares principle can be applied to estimate the discrete pulse 
response ordinates, h, of equation (2.7). Let hˆ denote a column vector of 
the least squares estimates of H, the following equation can be written: 
Y = X hˆ  + e     ……………………………………(2.8) 
Where e denotes the column vector of the residuals. There is a distinction 
between equation (2.7) and equation (2.8), that in the former both h and u 
are unknowns, while in the latter hˆ  is a set of least-squares estimates and 
e is the corresponding set of the residuals. From equation (2.8) the 








   
            = (y- X hˆ ) T  (y – X hˆ ) 
            = hXXhyXhyy TTTTT ˆˆˆ2 +−    …………………..(2.9) 
Using the fact that yXh Tˆ  is a scalar and thus equal to its transpose hXyT ˆ . 
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ee TTT ˆ22ˆ +−=∂
∂  
 
Equating to zero gives yXhXX TT =ˆ . ……………………..…(2.10) 
Premultiplying by 1)( −XX T  gives  
                      hˆ = yXXX TT 1)( − .          ……………………..(2.11) 
 Equation (2.11) gives the least squares estimates of the discrete pulse 
response ordinates. 
 
2.5 Short description for some selected models (Kachroo 1992) 
2.5.1 Linear Perturbation Model (LPM) 
 
The linear perturbation model (Nash and Barsi, 1983)(figure (2.1)) 
assumes that in any year in which the input followed exactly the 
seasonal expectation, the output would similarly follow its seasonal 
expectation, while in other years the departures from the seasonal 
expectations occurring in the two series would be linearly related. 
 
For the discrete system with recorded data sampled at one day interval 
or averaged over one day interval, the discrete LPM may be described 
by the following assumptions.  
 
1. If the inflow (or rainfall) on each date d in a particular year is exactly 
the inflow (or rainfall) seasonal mean for that date di , the corresponding 
outflow would likewise be the outflow seasonal mean dq   
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                        Notationally    
                                                 →di dq  
2. In any actual record the series of departures of the inflow (or rainfall) 
and the outflow from their seasonal means are linearly related. 
                     ( dii − ) →  ( dqq − )     
Or                             yx→ .          ……………………(2.12) 







The relationship defined by equation (2.12) can be written in 
its most general form as a linear multiple regressions  
               rmrmrrr exhxhxhy ++++= +−− 1121 ...  
Or          r
m
j




1 .    ………………………. (2.13) 
Where:  
x is the departure series of inflow (or rainfall) i                     
from its seasonal mean di . 
y is the departure series of outflow q from its own seasonal 
mean dq  
jh  is jth ordinate of the discrete pulse response relating to 
the departure series of input and output and  re  is the error 
term. 
 
Equation (2.13) together with the two assumptions expresses the discrete 




















Fig. (2.1) Schematic diagram of the Linear Perturbation Model 


































1.5.2 Linearly Varying Gain Factor Model (LVGFM) 
   
LVGFM allows for a variable gain factor linearly related to an index of 
the soil moisture state iz . The gain factor Gi is given by  
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ji eBRzBR +′′+′= +−
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11
1    ……………………..(2.14)  
Where   jbBB =′′  and jj aBB =′  are weighting (pulse response) 











Fig. (2.2) Schematic diagram of the Linearly Varying Gain Factor 
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1.5.3 Artificial Neural Network (ANN) Model  
 
Artificial neural network systems function as parallel distributed 
computing networks. Their most basic characteristic is their architecture. 
The initial development of artificial neural system was in 1943 when 
McCulloch and Pitts outlined the first formal elements to perform logic 
operations. Scientist and technologist are interested in opportunities that 
are opened by the massively parallel computational networks in the area 
of artificial intelligence, computational theory, modeling and simulation 



























2.5.4 Soil Moisture Accounting and Routing (SMAR) Model (Conceptual 
Models)  
 
Conceptual models permit the grouping together of the more obvious 
non-linear operations (i.e. the manner in which the rainfall and 
evaporation interact to produce runoff) and leave open the possibility of 
representing the subsequent transformation of these generated runoff 
components of rainfall, by a linear routing component. 
 
Formulating a model in this manner emphasizes the distinct roles of the 
two components, i.e. 
1. The non-linear water balance component responsible for 
generating the runoff components of rainfall on the 
catchment. 
2. The linear routing component responsible for the diffusion 
of this generated excess rainfall to produce the model 
outflows. 
 
It is obviously describe that this distinction be preserved also in the 
model calibration procedure. Therefore, optimization of the conceptual 
model parameters should be carried out under the following constraints:- 
i) The total volume of the generated runoff 
components of rainfall should equal the total 
volume of observed discharge over the calibration 
period.  
ii) The routing (or diffusion) components should be 
conservative. 
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Figure (2.4) depict the conceptual layout of the SMAR model 
(O’Connell et al., 1970) 
    This model has nine parameters divided in two components: 
1- Water balance component and its parameters are five: 
i) Potential evaporation coefficient (T) 
ii) Direct runoff separation coefficient (H) 
iii) Soil moisture infiltration rate (mm/time step) (Y )   
iv) Soil moisture capacity (mm) (Z ) 
v) Evaporation decay coefficient  ( C ) 
2- Routing component 
i) Groundwater separation coefficient (G) 
ii) Linear reservoir nos. in cascade (N) 
iii) Time lag parameter of Nash cascade routing (Nk)  









































Conversion to Potential Rate 
[T] 
Excess Rainfall [X = R-T*E]  
Direct Runoff [H] 
Rainfall in excess of 
infiltration capacity [Y] 






























2.6 Definitions of some model concepts   
2.6.1 Model calibration 
 
Usually the available data is divided into two grops, one for calibration 
and the other for verification. The process by which the model 
parameters values are selected to simulate the behavior of prototype is 
called model calibration.  The trend is to use most of the available data in 
calibration and the rest in the verification. 
 
2.6.2 Model verification 
 
Because the results of any calibration process are conditional on several 
factors (i.e. calibration data, objective function and optimization 
procedure. The verification test is a good practice to check and improve 
the parameters values in calibration period.  
 
2.6.3 Objective Function 
 
An objective function is an equation that is used to compute a numerical 
measure of the difference between the model –simulated output and the 
observed output. The purpose of model calibration is therefore: “to find 
those values of the model parameters that optimize (minimize or 







2.6.4 Model efficiency ( 2R ) 
 
 In this study, the model efficiency is expressed as following Nash-
Sutcliffe criteria (1970) 
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  Where               F = 2)(∑ − yy  
                                    2)ˆ(∑ −= yyFo  









y    :   measured output 
yˆ    :  Estimated output 
y    :  The mean of y in the calibration period 
N    : the number of data points in the calibration period  
 
2.6.5 Memory length 
 
In many perennial streams, discharge continues even for months after 
cessation of rainfall. The interval between the occurrence of the rainfall 
and the time when its effect on the stream flow finally ceases is known as 













 The method of the work begun with literature review on a short 
description of the rainfall-runoff models and their mathematical 
development. Then collection of the data e.g. rainfall, evaporation and 
discharge is done and processed and analyzed. These data are prepared 
for applications in series of models are included in GFFS software. The 
GFFS software is done under system type and conceptual models in two 
cases, the single input –single output models and the multiple input –
single output models. Finally the results of the models applications are 
discussed.  
 
3.2 Data collection &processing  
 
The data used in this study are daily data for rainfall (in millimeters), 
evaporation (in millimeters) and discharge (in cubic meters per second). 
There are seven years of incurrent data available. Starting on 01/01/1990 
and ending on 31/12/1996. The source of all the data used is the Ministry 
of Irrigation and water resources-Khartoum - Sudan. The first five years 
were used for models calibration and the remaining two years were used 
for model verification. 
 
Short summary information of hydrological data used in this work is 
given in the following subsections.  
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3.2.1 Rainfall data  
 
The rainfall data is available for ten gauge stations in and just around the 
catchment. All the stations are located in Ethiopia. Table (3.1) shows 
details on the name, the location of each station, mean annual rainfall, 
etc.  
 
Table (3.1): Details on the names and the locations of the rain gauge stations 
No. Name Latitude Longitude Missing 
data % 
Mean annual 
rainfall (mm)  
1 Mekele 13.3000 39.2800 42 674 
2 Gondar 12.3600 37.2800 23 972 
3 Bahar Dar 11.3600 37.2300 17 1288 
4 Combolcha 11.0500 39.4400 22 1040 
5 Debre Markos 10.2100 37.4400 27 1366 
6 Jimma 7.6700 36.0500 40 1692 
7 Gore 8.1700 35..3200 51 1724 
8 Addis Ababa 9.0300 38.4200 10 1200 
9 Lekemet ** ** 43 2170 
10 Harrar Meda  ** ** 40 854 










Estimation of Areal rainfall  
 
Areal rainfall is the depth of water product out of total volume of rainfall 
divided by the whole area of the catchment.  To obtain the mean rainfall 
over an area when there are number of observing stations located in it, 
the arithmetic mean method is used in this study. It is the simplest 
method of determining areal rainfall. It involves averaging the rainfall 
depths recorded at a number of gauges. It can be calculated as: 






=1 .   ……………………….………(3.1) 
          Where   iP   is rainfall depth at station i. 
                         n  is number of rainfall stations.   
In this study, while determining the arithmetic mean the station with 




A short summary of statistics shows that, the maximum rainfall in the 
whole series is 34.00 mm and the minimum is zero with 655 points has 
this value in the whole series. The series has a mean of 3.35 mm, a 
variance of 18.26 and the standard deviation of 4.27. The coefficient of 
variation of the series is 1.28, which indicates that the data has a good 
distribution around the mean. Figure (3.1) shows the smoothed and 
unsmoothed seasonal average rainfall. It seem that there is only one rain 
season and the heavy rain occur in the mid of August.  The rainy season 
starts on overage in April and ends on October.   


























Fig. (3.1): Un smoothed & smoothed seasonal average values of daily data 
















3.2.2 Evaporation data  
 
Evaporation is the process by which a liquid changes into a gas. 
Evaporation of water is one of the fundamental components of 
hydrological cycle. There are many ways of measuring evaporation from 
surface water e.g. Piche and Pan evaporimeter. On the other hand, there 
are many methods available to estimate evaporation from measurement 
of other parameters e.g. Penman, combination and radiation equations. 
Evaporation data used in this study is estimated using Penman-Monteith 
method and the following is a short description to evaporation series.                 
The maximum evaporation in the whole series is 4.86 mm and the 
minimum is 2.71-mm. mean, variance and standard deviations are 3.71 
mm, 0.38 and 0.62 respectively. The coefficient of variation is found to 
be 0.17.  
Figure (3.2) shows smoothed and unsmoothed seasonal average values of 
daily evaporation data. Evaporation is high in March and April and it has 
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3.2.3 Discharge data  
 
Measured discharges are available in Eldeim station since 1965. But in 
this study only seven years of daily data are used. Data length starts 
in1990 and ends in1996.  
       
Summary  
     
The discharge is measured at Eldeim. A short summary about the 
discharge series is given below. Figure (3.3) shows the smoothed and 
unsmoothed seasonal average discharge. It seems that the peak of 
discharge occurs in few days after the occurrence of the rainfall peak.  
Maximum in the whole series       = 10660.00 (m3/s) 
Minimum in the whole series        = 37.9 (m3/s) 
No. of “0”s in the whole series      =     0 
Mean of the whole series                = 1490.87 (m3/s) 
Variance of the whole series            = 3558980.95 
Std. Deviation of the whole series    = 1886.53 





































3.2.4 The rating curve for Blue Nile at Elddiem 
 
 The following stage – discharge relations have been used to determine 
flows on Blue Nile at Elddiem. 
 Q =80.56  (H-5.16) 2.1595        6.00<H<7.5 m 
 Q =99.43  (H-5.39) 2.204        7.5<H<14.5 m    …………………(3.2) 
Figure (3.4) gives the rating curve for Blue Nile at Elddiem. It seems that 






















Fig. (3.4): Rating curve for Blue Nile at Elddiem (Sub- Saharan 1989). 
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3.2.5 Catchment hydrologic diagram 
 
The catchment hydrologic diagram presents the expected variation 
through the year of rainfall, potential evaporation and discharge.      
Figure (3.5) gives an idea about the water balance of the Blue Nile 
catchment. It can be learnt that the peak of rainfall occurs in the last 
week in July, while the peak of the discharge occurs after the mid of 
August approximately. In the same time the evaporation begins in 





























Seven years of concurrent rainfall, discharge and evaporation data were 
analyzed and processed. It is found that the catchment has a mean annual 
rainfall of 1225 mm; mean annual runoff of 185 mm and a mean annual 
evaporation of 1350 mm. 
The hydrologic diagram of the catchment showed that there is a single 
rainy season that starts in April and ends in October. The main season 
flow in average occurs in June to October with high flows during 
August. During this season the potential evaporation is minimum. 
The next chapter goes on to apply the lumped system & conceptual 























Several models are applied in this study using Galway Flow Forecasting 
System (GFFS) software. The hydrological data of the Blue Nile 
catchment presented in chapter (3) are used to test the applicability of 
GFFS software models. 
 
Most of the models are used in a single input-single output form. The 
total length of record is 2557 (7 years). The record is divided into two 
parts. The major part (5 years), 1826 is used for calibrating the models 
and the rest (2 years), 731 data points is used for verifying these models.  













4.2.1 Simple Linear Model (SLM) 
The Simple Linear Model is tested for non-parametric case (pulse 
response method) and parametric case (linear transfer function). 
   
4.2.1.1 Non-Parametric Pimple Linear Model (NPSLM)  
           
To apply this model, the input file is prepared to include calibration 
length, verification length, daily rainfall data, daily-observed discharge 
data and the memory length, which was chosen equals to 65 days by trial 
and error method. 
A summary of model results of application of the NPSLM is presented in 
Table (4.1). Figure (4.1a) shows the pulse response function (unit 
hydrograph. It seems that it is not satisfactory as some of its ordinates are 
negative. 
Figure (4.1b) shows the observed and estimated discharges in the model 
(NPSLM). It is clear from the diagram that the model under estimates the 
peaks as all the higher values of the estimate discharge falls below the 
line of 045 . 
Figure (4.1c) shows the residual error diagram for the model (NPSLM). 
It is clear that the model under estimates the flow, it might be attributed 







Table (4.1): A summary of results of NPSLM applications.  




1. Mean of outflow (m3/s) 1497 - 
2. Mean of the observed series (m3/s) 1543.5 1475.4 
3. Mean of the estimated series (m3/s) 1743.5 1843.4 
4. Ratio of the estimated to the observed 
mean of the outflow  
1.1297 1.2433 
5. The initial variance 3.63*10^6 3.56*10^6 
6. The residual variance  0.81*10^6 0.85*10^6 
7. Model efficiency (R squ. %) 77.78 75.97 
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4.2.1.2 Parametric Simple Linear Model (PSLM) 
 
 To resolve the problem of non-satisfactory shape of the pulse response 
of the NPSLM model, Hydrologists proposed the use of PSLM.                    
For the same data used in NPSLM applications, the PSLM is applied 
with order of moving average (MA) = 15, pure lag = 1 and order of auto-
regressive (AR) = 1                   
 The results of the model applications are presented in Table (4.2).  
Figures (4.2a) & (4.2b) show the relation between estimated and 
observed discharges, in updating mode and non-updating mode, 
respectively. Figures (4.2c) and (4.2d) show the residual error of the 
model. It is clear from all these figures that the model accurately 
reproduced the observed discharges. 
 
Table (4.2): A summary of the PSLM application. 
















1. The “No Model” 
forecasting Qbar 
1506.29 1506.29 1506.29 1506.29 
2. The initial variance of 
“No Model”, F0 
3.5*10^6 3.5*10^6 3.5*10^6 3.5*10^6 
3. The mean of residual 
sum of squares 
of(PSLM), F 
0.66*10^6 8.3*10^5 0.95*10^6 9.2*10^5 
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4.2.2 Linear Perturbation Model (LPM)  
4.2.2.1 Non-Parametric Linear Perturbation Model (NPLPM) 
 
The data used to apply this model are the same as those used in NPSLM 
but here the number of harmonic is added to smooth the series. Number 
of harmonic used is 4 in both rainfall and discharge series. Table (4.3) 
shows results of this model application. Figure (4.3a) shows the pulse 
response function (unit hydrograph) estimate of the NPLPM. Its shape is 
not good. 
Figure (4.3b) shows the scatter diagram of observed and estimated 
discharges of NPLPM. And Figure (4.3c) shows the residual error of this 
model. It can be seen that the model under estimates the peak flow that 















Table (4.3): A summary of results of the (NPLPM) applications.  




1. Mean of outflow (m3/s) 1497.06 - 
2. Mean of the observed series (m3/s) 1543.07 1475.43 
3. Mean of the estimated series (m3/s) 1540.66 1604.49 
4. Ratio of the estimated to the observed 
mean of the outflow  
0.9983 1.0875 
5. The initial variance 3.6*10^6 3.6*10^6 
6. The residual variance  0.28*10^6 0.3*10^6 
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4.2.2.2 Parametric Linear Perturbation Model (PLPM)  
 
For the same data used in NPLPM applications, the PLPM is applied 
with order of moving average (MA) = 15, pure lag = 1 and order of auto-
regressive (AR) = 1                   
The results of the model applications are presented in Table (4.4).  
Figures (4.4a) & (4.4b) show the relation between estimated and 
observed discharges, in updating mode and non-updating mode, 
respectively.  . Figures (4.4c) and (4.4d) show the residual error of the 
model. It is clear from all these figures that the model accurately 
reproduced the observed discharges and most best than the SLM.     
       
Table (4.4): A summary of results of the (PLPM) applications. 














1. The “No Model” 
forecasting Qbar 
1506.29 1506.29 1506.29 1506.29 
2. The initial variance of 
“No Model”, F0 
3.57*10^6 3.57*10^6 3.57*10^6 3.57*10^6 
3. The residual variance of 
the “Seasonal Model”, Fd 
0.28*10^6 0.24*10^6 0.48*10^6 0.48*10^6 
4. The efficiency of the 
“Seasonal Model”, Rd 
(%) 
92.13 92.13 86.48 86.48 
5. The mean of residual sum 
of squares of “PLPM”, F  
0.49*10^5 0.49*10^5 0.99*10^5 3.5*10^5 
6. The efficiency of the 
(PLPM) R squ. (%) 
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4.2.3 Linearly Varying Gain Factor Model (LVGFM) 
                      
In application of this model, the Simple Linear Model (NPSLM) is 
chosen as an auxiliary model. The results are presented in Table (4-5) 
and graphically in Figures (4-5a) &(4.5b). It can be learnt from these 
results that the model performed very well in reproducing the observed 
discharge. 
 
Table (4-5): A summary of results of the (LVGFM) applications. 




1. Mean of outflow (m3/s) 1497.06 - 
2. Mean of the observed series (m3/s) 1543.27 1475.43 
3. Mean of the estimated series (m3/s) 1486.64 1663.67 
4. Ratio of the estimated to the observed 
mean of the outflow  
0.9633 1.1276 
5. The initial variance 3.6*10^6 3.6*10^6 
6. The residual variance  0.289*10^6 0.45*10^6 
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4.2.4 Artificial Neural Network Model (ANN)  
 
In application of (ANN) model for the same data of previous models and 
in addition to these following aspects, number of neurons in the input 
layer, hidden layer and the output layer. They are 5, 2 and 1 respectively. 
It produced the results presented in Table (4.6) & Figures (4.6a) and 
(4.6b) which show that this model also improve expression. Figures 
(4.6c) and (4.6d) show the residual error of the model. It is clear from 
Figures ((4.6a to (4.6d)) that the model accurately reproduced the 
observed discharges. 
 under estimates the peak flows. 
 
 
Table (4.6): A summary of results of the (ANN) model applications. 




1. Mean of outflow (m3/s) 1496.4 - 
2. Mean of the observed series (m3/s) 1496.4 1474.88 
3. Mean of the estimated series (m3/s) 1525.92 1500.89 
4. Ratio of the estimated to the observed 
mean of the outflow  
1.0197 1.0177 
5. The initial variance 3.6*10^6 3.6*10^6 
6. The residual variance  0.78*10^6 0.12*10^6 
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4.2.5 Soil Moisture Accounting and Routing (SMAR) Model 
 
In application of this model, the evaporation data is entered as input with 
the rainfall data to generate the runoff.  
 
Results of SMAR model run for flow simulation are listed in Table 
(4.7a) and Table (4.7b) shows the results of optimization by Simplex 
Search method, also Figure (4.7a) shows the relation between estimated 
and observed discharges. Figure (4.7b) shows the residual error of this 



















Table (4.7a):  Results of SMAR model run for flow simulation. 




1. Mean of outflow (mm) 0.5088 - 
2. Mean of the observed series (mm) 0.5272 0.5014 
3. Mean of the estimated series (mm) 0.4931 0.5394 
4. Ratio of the estimated to the observed 
mean of the outflow  
0.9352 1.0757 
5. The initial variance 0.4204 0.4113 
6. The residual variance  0.0957 0.1335 




Table (4.7b): Results of (SMAR) Model application in case of optimization by 
Simplex Search method. 




1. Mean of outflow (mm) 0.5088 - 
2. Mean of the observed series (mm) 0.5272 0.5014 
3. Mean of the estimated series (mm) 0.5342 0.5899 
4. Ratio of the estimated to the observed 
mean of the outflow  
1.0133 1.1764 
5. The initial variance 0.4204 0.4113 
6. The residual variance  0.0344 0.3612 
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4.3 Discussion of the results 
 
1- the following Table shows the comparison between models 
efficiencies. It seems that the Linear Perturbation Model gave a high 
efficiency than others, which indicates the seasonality in flow of Blue 
Nile.   
 
Table (4.8): Comparison of models performances.  











NPSLM 77.78 75.99 
2.1 PSLM (In updating mode)    98.15 97.33 
2.2 PSLM (In non-updating mode) 76.71 74.00 
3. NPLPM 92.24 91.40 
4.1 PLPM (In updating mode)    98.61 97.22 
4.2 PLPM (In non-updating mode) 93.38 90.40 
5. LVGFM  91.88 87.40 
6. ANN Model 97.97 96.99 
7.1 SMAR Model (flow simulation) 77.40 67.54 





2-Simple Linear Model gave the least efficiency, which indicates 
problem linearity between rainfall and runoff. Hence non-linearity may 
be evident. 
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3-The good performance of LPM can be attributed to seasonality 
behavior in Blue Nile catchment. Figure (4.8) shows the observed and 
estimated discharge in the year (1996)(PLPM in updating mode). 
 
4-The failure of the models to reproduce the peak flow can be attributed 
to either the areal rainfall estimation or the rating curve to estimate the 



















 Fig. (5.8): Observed & Estimated discharges at Elddeim station (1996).  











4.4    Summary 
 
The objective of this chapter is to test the applicability of lumped 
system and conceptual models to the Blue Nile catchment at Eldeim 
station. It can be seen that the system type models can be well applied 
in the study area. 
 
LPM showed the best performance ( 2R of 98.61%), which can be 
attributed to the seasonal nature of the flows in the catchment. On the 
other hand, SLM showed the least performance ( 2R of 75.99%), which 
can be attributed to poor relation between rainfall and runoff in the 
view of linear concepts.  
 
Most of the models failed to reproduce the peak that can be attributed to 
either the areal rainfall estimation or the rating curve (conversion of 
stage to discharge). By returning to Figure (3.4) seems that the rating 
curve is very relievable. This fact suggests the use of multiple inputs – 
single output models or/and different method for estimation areal 
rainfall. 
 
The following chapter will go on to test the use of multiple input- 
single output and areal rainfall estimation by Thesien polygon method 















This part is dedicated for testing applicability of the multiple input- 
single output models and notes their effects in reducing the problem of 
peak reproduction. To determine number of inputs the Thiessen polygon 
is used. 
 
5.2 Thiessen network method  
Thiessen network method, generally is more accurate than the arithmetic 
mean method. It assumes that at any point in the watershed the rainfall is 
the same as that at the nearest gage so the depth recorded at a given gage 
is applied out to a distance halfway to the next station in any direction. If 
there are k gauges in watershed with area A and the sub area for each 
gauge is jA  with rainfall jP . Then the average rainfall can be determined 
as: 




1 .  …………………….... (5.1)     
  Thiessen method weights the area as follows. Lines are drawn 
connecting all neighboring stations. Perpendicular bisectors are drawn to 
these lines, and the areas of the polygons thus formed around each 
station are measured (Chin 2000)  
. Figures (5.1a) and (5.1b) show the study area weighted by Thiessen 
method. Only eight stations have effects on the rainfall of the area. Table 
(5.1) shows the sub areas and the weights for the rainfall stations. The 
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stations that exhibits similar seasonal mean are assembled together. They 
are divided into three groups. Each group is taken as an input. Gore and 
Jimma (24109 sq. km) are constituted the first input, the second is Bahar 
dar, Lekemeti and Debre Markos (151222 sq. km), the third input is 
Gondar, Combolcha and Addis Ababa (78899 sq. km). 
 
In this work, the missing entries were filled by the seasonal mean as it 
gave the best performance among the tested methods of normal mean, 
seasonal mean, inverse distance and multiple regressions. In this case, 
the seasonal mean is the best method to fill missing data.  
 
Table (5.1): Names, sub areas and weight coefficients of rainfall stations 
St. no. Station name Station sub area
(sq. km) 
Weight coeff.  
1 Gondar 17533 0.069 
2 Bahar Dar 43832 0.172 
3 Combolcha 35066 0.138 
4 Debre Markos 76707 0.302 
5 Addis Ababa 26300 0.103 
6 Jimma 19725 0.078 
7 Lekemeti 30683 0.121 
8 Gore 4384 0.017 
Total  254230 1.000 
   



























































5.3 Applications  
5.3.1 Introduction   
 
To apply GFFS software in case of multiple input–single output, the 
following is done. First, the number of inputs is chosen equals three. 
Second, data length in both calibration and verification periods is taken 
as the same as that in case of single input–single output. Third, input files 
(3) and output files (1) are prepared to be ready for applications. Finally, 
the system type models i.e. Simple Linear Model, Linear perturbation 
Model and Linearly Varying Gain Factor Model are applied. 
 
5.3.2 Results of application 
 
Table (5-2) shows the efficiencies of the models applied under the case 
of multiple input-single output. It seem that the efficiency increases in 
calibration period and decreases in verification period in all models. Also 
the Linear Perturbation Model gave a high efficiency than others while 
the Linearly Varying Gain Factor Model gave a worse result. 
Figures (5.2) and (5.3) show the scatter diagram of observed discharge 
versus estimated discharge for PLPM and LVGFM in case of multiple 
input-single output. It seem that the PLPM gave a good performance as 







Table (5.2) : Models efficiencies in case of multiple input-single output. 











Non-parametric Simple Linear Model 
(NPSLM) 
77.42 69.77 
2.1 Parametric Simple Linear Model 
(PSLM) (In updating mode)    
98.25 97.25 
2.2 Parametric Simple Linear Model 
(PSLM) (In non-updating mode) 
80.53 73.93 
3. Non-parametric Linear Perturbation 
Model (NPLPM) 
93.40 85.28 
4.1 Parametric Linear Perturbation Model 
(PLPM) (In updating mode)    
98.69 97.14 
4.2 Parametric Linear Perturbation Model 
(PLPM) (In non-updating mode) 
93.93 87.05 






























































Fig. (5.3): scatter diagram of observed discharge versus estimated discharge 
(LVGFM). 
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Table (5-3) presented the comparison between models efficiencies in 
both case of single input-single output and multiple input-single output 
models. 
 
Table (5.3): Comparison between models efficiencies in the case of single input-
single output (Case I) and the case of multiple input-single output (Case II). 
Model Efficiency(R squ. %) 















 NPSLM 77.78 75.99 77.42 69.77 
2.1 PSLM (In updating 
mode)    
98.15 97.33 98.25 97.25 
2.2 PSLM (In non-
updating mode) 
76.71 74.00 80.53 73.93 
3. NPLPM 92.24 91.40 93.40 85.28 
4.1 PLPM (In updating 
mode)  
98.61 97.22 98.69 97.14 
4.2 PLPM (In non-
updating mode) 
93.38 90.40 93.93 87.05 
5. LVGFM  91.88 78.40 27.50 49.44 
5.4 Summary   
In this chapter the multiple inputs –single output modeling procedure is 
adapted to data in the study area together with the Theisen polygon 
method. It is found that there is no signification difference between the 
results in this case (multiple input- single output) and the others in case 
of single input-single output form. Therefore, the problem of failure of 
models to reproduce the peak can be attributed to either the areal rainfall 








 Ten rainfall stations with data length ranging from 1990 to 1996 were 
used in the study. For the same period the evaporation and discharge data 
were collected. The seasonal mean diagrams showed that there is a single 
rainy season affected on Blue Nile catchment starts on average in May 
and ends in October.  
The areal rainfall was obtained by the simple method of arithmetic mean. 
The hydrological diagram of the catchment showed that June to October 
is the main flow season during which the potential evaporation is 
minimum. 
 
Seven models were applied on the Blue Nile catchment at Eldeim 
namely Parametric and Non-parametric Simple Linear Model, Parametric 
and Non-parametric Linear Perturbation Model, Non-parametric Linearly 
Varying Gain Factor Model, Artificial Neural Network Model (system 
type models) and Soil Moisture Accounting and Routing (SMAR) model 
(conceptual). All these models are applied in case of single input-single 
output and only the first four models are applied in case of multiple 
inputs-single output. Seven concurrent years (1990-1996) of daily data of 
rainfall, evaporation and discharges are used in applications of these 
models.  
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The results from all the applied models were compared together in terms 
of performances. The Linear Perturbation Model (Parametric and Non-
parametric) gave the best performance compared to the others in both 
tow cases of single input-single output and multiple inputs-single output. 
This indicates that there is a high seasonality in behavior of the Blue Nile 
catchment. On the other hand, the SLM its performance is badly that 
attributed to linearity between the rainfall and flow is not attainable. 
 
6.2 Recommendations  
 
The LPM can be used as a forecasting model to simulate rainfall-runoff 
of the Blue Nile catchment at Eldeim. 
 
It is recommended to try better areal rainfall estimation methods. 
The rating curves used to convert the stage to discharge  should be 
checked against some high values of flow and test its reliability.   
 
Further analysis is needed for the case of multiple input-single output 
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